Polyoxovanadates incorporating antimony (Sb-POVs) and other semimetal constituents represent a comparably new and rapidly growing class of molecular metal oxide compounds, enabling various subsequent functionalization methods relevant to materials chemistry.
. Density functional theory based electron localization function analysis demonstrates that the Sb−N bond has an electron density similar to that of a Sb−O bond. Magnetic exchange coupling between the V IV and Co II spin centers mediated via the Sb−N bridge is comparably weakly antiferromagnetic.
■ INTRODUCTION
Polyoxovanadates incorporating antimony (Sb-POVs) and other semimetal constituents represent a comparably new and rapidly growing class of molecular metal oxide compounds, enabling various subsequent functionalization methods relevant to materials chemistry. 1 In light of their versatile redox chemistry, polyoxovanadates (POVs) are currently extensively studied for their use in single-molecule electronics and spintronics. In this context, single-molecule charge-transport experiments, e.g., in scanning tunneling microscopy (STM), are of particular interest but are frequently hampered by the high charge of the polyanions. The surface deposition of highly charged polyanions and their countercations often results in aggregation and random association of the cluster anions with countercations, which greatly complicates STM analysis. We thus are exploring routes to charge-neutral derivatives and herein present a prototypal system in which cationic groups are covalently linked to both the Sb and V centers of an Sb-POV.
First reports of POVs chemically modified by Sb, specifically [V 14 IV = double-protonated 2-piperazine-N-ethylamine), which was also prepared under solvothermal conditions. 4 The structural family of Sb-POVs with the general formula [(amineH) m V 18 15 The two pseudopolymorphs differ in the occurrence of {Ni(dien) 2 } 2+ complexes adopting the s-fac, mer, and u-fac configurations in one compound and only a mer-{Ni(dien) 2 } 2+ complex in the other compound. Finally, a unique 3D network was observed in the structure of [{Fe (C 6 
■ RESULTS AND DISCUSSION
T h e c o m p o u n d { C o ( t e t a ) 2 } [ { C o 2 ( t r e n ) -(teta) 2 , is constructed from 15 distorted VO 5 square pyramids sharing common edges and vertices ( Figure 1 ). Otherwise, the structure can be described as being composed of six VO 5 polyhedra joined by common edges enwrapping three VO 5 units above and below, the same pattern as that observed in other {V 15 In the crystal lattice, two different Co 2+ -centered complexes are present. The binuclear {Co 2 (tren)(teta) 2 } 4+ complex consists of two crystallographically unique Co 2+ cations in different coordination environments. Co1 is surrounded by one tetradentate tren molecule, one N atom of a bridging teta ligand, and one O atom from a VO 5 unit, leading to a distorted CoN 5 O octahedron (Table S4 in the Supporting Information). The Co−N bonds between 2.128(8) and 2.162(9) Å (Table S4 in the Supporting Information) are in line with the previously reported data.
11,17−21
The Co−O bond length of 2.120(5) Å is comparable to those reported for Co−O−V linkages in other POVs.
22−25 The Co1-centered complex is joined to Co2 via a teta ligand acting bidentate to Co2 and monodentate to Co1. To the best of our knowledge, such an interconnection has never been observed before and no example could be found in the Cambridge Structure Database. The environment around Co2 is completed by one tetradentate teta ligand, thus leading to a distorted Co2N 6 octahedron (Figure 2, left) . The Co2−N bonds can be divided into two groups: four shorter bonds to N atoms in the basal plane of the octahedron [2.154 (7) , and the connection mode observed here is unique. In the second complex, the Co3 atom is surrounded by one bidentate and one tetradentate teta ligand to form a distorted octahedron (Table S4 in the Supporting Information and Figure 2 , right). The Co−N bonds are between 2.039(17) and 2.248(18) Å and scatter over a larger range than in the dimeric Co 2+ -centered complex (Table S4 in the Supporting Information).
The cluster anion is expanded by the V−O term −Co1 bond to the {Co 2 (tren)(teta) 2 )} 4+ complex (Figure 3 ).
Interestingly, the terminal N atom of the free "arm" of the bidentately acting teta ligand of the Co3 complex has a short contact to an Sb atom (N51−Sb4 = 2.559 Å). Such Sb−N separations were observed in other Sb-POVs, with Sb−N distances ranging from 2.502 to 2.542 Å, 8 raising the question of what type of bond is formed.
A short literature survey demonstrates that Sb−N separation scatterings between about 2 and 2.8 Å are considered as covalent bonds. In the compounds Sb(phen)Br 3 and Sb 2 (phen) 4 Br 8 , the Sb−N bonds are between 2.239 and 2 . 4 0 8 Å , 2 6 a n d i n d i c h l o r o [ N ( 4 ) -p h e n y l -2 -formylpyridinethiosemicarbazonato]antimony(III), the Sb−N bond lengths are 2.247 and 2.502 Å. 27 Much longer Sb−N bonds ranging from 2.563 to 2.832 Å were reported for Sb (C 4 31 This short literature survey does not answer the key question of whether the Co3-centered complex is covalently bonded to the cluster anion via a Sb−N bond. However, the electron localization function (ELF), calculated by means of density functional theory (DFT), as shown in Figure 4 , demonstrates that the electron distribution along the Sb−N axis has density values similar to those found in the Sb−O bond, i.e., suggesting covalent bonding.
Natural bond orbital (NBO) analysis also supports the assumption of a covalent Sb−N bond. The orientation and volume occupied by the 5s 2 orbital are plotted in Figure 5 , depicting overlap with the N lone-pair orbital (meshed isosurface).
To have a better understanding about the Sb−N bonding situation in the title compound, we compared the Sb−N bonds in several different compounds [compound 1, Sb- (C 4 ranges of the Sb−N distances mentioned in the present contribution (see Table 1 ). The results demonstrate that the bonding between Sb and N atoms is covalent, and it is governed by electron-exchange and donor−acceptor mechanisms. The two mechanisms are reflected in the natural localized molecular orbital (NLMO) types found in the NBO analysis (see Table 1 ). BD (2-center bond NLMO) corresponds to a bond formed by the electron-exchange mechanism, and LP (lone-pair NLMO) corresponds to the donor−acceptor mechanism. Further examination of the data shows that the Sb−N bonding has NLMOs similar to those of the Sb−N identified as covalent in our reference compounds (see Table 1 ). The Sb contribution to the lone-pair NLMOs varies between 1.7 and 20.7% depending on the number of Sb− N bonds. The molecules with the largest extension of about 28 Å are arranged in a layer-like fashion in the (010) plane (Figure 6 ). Intramolecular C−H···O, N−H···O, and N−H···N interactions (Table S6 in the Supporting Information, geometric parameters in bold) are observed that may stabilize the arrangement of the different constituents. Each molecule is surrounded by six other molecules, and an extended hydrogen-bonding network involving N−H/C−H and O atoms leads to the formation of a 3D arrangement (Table S6 in the Supporting Information). The void space of about 340 Å 3 per unit cell is most likely occupied by crystal water molecules.
Upon first heating the material in an inert atmosphere, emission of the crystal water molecules occurs (Δm = 5.1%; Figure S3 in the Supporting Information), indicating the presence of ca. nine water molecules in the sample. After removal of the water molecules, only a very small weight loss is observed up to about 300°C. Upon further heating, the sample is decomposed in several not very well-resolved steps up to 850°C
. In a second experiment, heating was stopped at T = 200°C and an powder X-ray diffraction (XRD) pattern was recorded ( Figure S4 in the Supporting Information). The sample is still crystalline, and only shifts of some reflections can be observed, indicating a change of the lattice parameters. In the IR spectrum of the heated sample, the signal of the strong V IV O stretching vibration at 961 cm −1 is still visible, while the absorption between about 3600 and 3400 cm −1 is significantly reduced, which is in line with the thermal removal of water molecules ( Figure S5 in the Supporting Information). In addition, the absorptions of the ligand molecules are still visible, suggesting that the material is intact after heat treatment at 200°C . The UV−vis spectrum of the title compound ( Figure S6 in the Supporting Information) exhibits broad absorptions located around 12100 cm −1 (1.5 eV), 18400 cm −1 (2.28 eV), and 26600 cm −1 (3.3 eV). In the energetic region of the first two bands, the 4 
■ MAGNETIC PROPERTIES
The magnetic data of compound 1 collected by SQUID measurements are shown in Figure 7 as the temperature dependence of χ m T at 0.1 T and as molar magnetization M m versus magnetic field B at 2.0 K. At 290 K, the χ m T value of 10.65 cm 3 Figure S2 in the Supporting Information. Note that very small contributions from other hybridized orbitals are not listed. The second column lists the atoms involved in a particular bond (x and y being the order number, as listed in Table S5 in the Supporting Information). subsequently χ m T continuously decreases down to 5.06 cm 3 K mol −1 at 2.0 K. The magnetic properties of the Co 2+ centers can be approximated by the following assumption: the Co 2+ sites are considered to be magnetically identical because of their similar coordination environments, and the Co 2+ ···Co 2+ exchange interactions are expected to be negligible because of their distances and bridging modes, and the interaction between Co1 of {Co 2 (tren)(teta) 2 )} 4+ and the POV is small because of the very strong antiferromagnetic interactions in {V 15 Sb 6 }, resulting in a magnetically almost independent spherical spin cluster that is connected to a single Co center. Following these assumptions, the magnetic properties may be determined by subtracting the susceptibility data for an isolated {V 15 Sb 6 } cluster [5] until χ m T is nearly temperature-independent for T > 200 K. The thus-determined scaling factor of ca. 0.8 reflects differences in the amount of crystal solvents and the cationic lattice. The corresponding scaled contribution for the individual {V 15 Sb 6 } polyanion is shown in Figure 7 as green circles, and the remaining contribution from the Co 2+ centers is shown as blue circles.
To model the magnetic data remaining after the aforementioned subtraction, we use our computational framework CONDON 2.0, 33,34 employing a "full model" Hamiltonian. Because of the disorder of the octahedral site symmetries, we assume a site symmetry of C 4v introducing the ligand-field parameter B , with the latter two required for O h symmetry. To model the Co1−POV exchange interaction, we introduce the mean-field parameter zJ′ (z = 1), which has to be small to justify our hypothesis of small exchange interactions and thus our approximation. The simultaneous least-squares fits to χ m T versus T and M m versus B data yield a good goodness-of-fit SQ = 1.3%. The corresponding fits are shown as red lines in Figure 7 , and the corresponding model parameters are given in Table S7 in the Supporting Information. We again emphasize that the assumptions made to model the magnetic data can only be understood as a first approximation and the fit parameters should be interpreted accordingly. Notwithstanding the above, indicates a small antiferromagnetic exchange interaction between the {V 15 Sb 6 } polyanion and the Co1 center. Therefore, the temperature dependence of χ m T at T < 150 K is mainly caused by the ligand-field effect of the single Co 2+ centers, and the exchange interaction affects the χ m T versus T curve not until T < 30 K because of its small magnitude.
■ SUMMARY
Solvothermal synthesis using a mixture of the two isomers tren and teta afforded an expanded Sb-POV with simultaneously formed Sb−N and V−O−Co bonds, a covalent functionalization motif unprecedented in polyoxometalate chemistry. In terms of the bond strength, the Sb−N bonds here are comparable to the Sb−O bonds. The resulting charge neutrality of the complex offers new opportunities for the deposition of such nanosized magnetic molecules on inert substrates without complications associated with countercation aggregation phenomena. As such, this synthesis approach will facilitate future single-molecular charge-transport measurements of such modified Sb-POVs via STM and other methods and thus provide a basis for a systematic study of their molecular spintronics functionality.
■ EXPERIMENTAL DETAILS
Synthesis. The title compound was prepared in 22 mL glass tubes using 224 mg of NH 4 VO 3 (1.9 mmol), 457 mg of Sb 2 O 3 (1.57 mmol), and 234 mg of CoCl 2 ·6H 2 O (1 mmol) in 2.5 mL of triethylenetetraamine (60%) and 1.5 mL of water at 150°C. The optimal reaction time is 7 days, giving a yield of about 40%. The deep-orange product crystallized as agglomerates of ill-shaped crystals.
Crystal Structure Determination. The intensities were measured using an Imaging Plate Diffraction System (IPDS-2) from STOE using Mo Kα radiation. The crystal structure was solved with the program SHELXS-2013 and refined against F 2 using SHELXL-2013: 35 All non-H atoms, except those of two disordered amine ligands, were refined anisotropically. The C−H and N−H H atoms were positioned with idealized geometry and refined using a riding model. The O−H H atoms of the two water molecules were not located and, thus, not considered in the refinement but in the calculation of the molecular weight. A numerical absorption correction was performed (T min /T max = 0.3351/0.6737). The amine ligands connected to Co3 shows unusually large anisotropic displacement parameters, which can be traced back to disordering, which was refined using a split model. For these atoms, large anisotropic displacement parameters are observed and, therefore, these atoms were refined only isotropically. The disordering remains constant in space group P1, and there is no indication for superstructure reflections or any kind of twinning. There is also significant residual electron density directly located at the corresponding Co cation, indicating that the whole complex is disordered. After structure refinement, there is additional residual electron density in the cavities of the structures, which originate from some disordered water molecules. Because no reasonable split model was found, the data were corrected for a disordered solvent using the SQUEEZE option in PLATON.
CCDC 1499371 contains the supplementary crystallographic data for this paper. These data can be obtained free of charge from the Cambridge Crystallographic Data Centre via http://www.ccdc.cam.ac. uk/data_request/cif.
Energy-Dispersive X-ray (EDX) and Scanning Electron Microscopy (SEM) Analysis. EDX and SEM investigations were performed with a Philips ESEM XL30 environmental scanning electron microscope equipped with an EDAX detector. The ratio of V, Sb, and Co was determined on different single crystals, and the average values are 14.85, 6.15, and 2.95, respectively. Solid-State UV−Vis Spectroscopy. UV−vis spectroscopy investigations were conducted at room temperature using a Cary 5 UV−vis two-channel spectrometer from Varian Techtron Pty., Darmstadt, equipped with an Ulbricht diffuse-reflectance accessory. The optical properties of the compound were investigated by studying the UV−vis reflectance spectrum of the powder sample. BaSO 4 was used as a reference material.
IR Spectroscopy. IR spectra (400−4000 cm −1 ) were recorded with a Bruker Alpha P spectrometer.
Elemental Analysis. CHN analyses were done using a EURO EA elemental analyzer, fabricated by EURO VECTOR Instruments and Software. Experimental data (wt %): C, 11.13; H, 3.36; N, 9.01. Found: C, 11.01; H, 3.45; N, 8.56.
Magnetic Measurement. Magnetic susceptibility data of 1 were measured as a function of the field (0.1−5.0 T) and temperature (2.0− 290 K) using a Quantum Design MPMS-5XL SQUID magnetometer. The polycrystalline sample was compacted and immobilized into cylindrical poly(tetrafluoroethylene) capsules. Data were acquired as a function of the field (0.1−5.0 T at 2.0 K) and temperature (2.0−290 K at 0.1 T). The data were corrected for the diamagnetic contributions of the sample holder and the compound (χ dia = −1.62 × 10 −3 cm 3 mol −1 ). Theoretical Analysis. We performed DFT calculations and NBO analysis on the title compound. Its geometry was kept as defined by the spectroscopic data. Only the H atomic positions were optimized. For geometry optimization, we employed the PBE 36 functional along with scalar relativistic, 37 long-range (D3) 38 correction, using TZP (for Sb and V), DZP (for C, O, and N), and SZ (for H) Slater-type basis sets. 39 Afterward, the ground-state electronic structure and topological analysis were calculated at the B3LYP 40 level of theory, maintaining the same basis sets and relativistic corrections. Calculations were carried out with the adf2014 41 and NBO6 42 codes. To assess the electron distribution along the Sb−N axis, the ELF 43 was computed.
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